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ABSTRACT 
Development of a Drainage Function for the 
Transient Case, and a Two-Dimensional 
G round- Wate r Mound Study to 
Evaluate Aquifer Parameters 
by 
Seid Abdollah Jenab 
Utah State University, 1967 
Major Professor: Dr. A. Alvin Bishop 
Department: Agricultural and Irrigation Engineering 
A drainage function, D (u ), is developed to describe the rate 
n 
of fall and the shape of the water table between drains for an infinite 
series of parallel drains. The drainage function is evaluated and 
xi 
presented graphically for design purposes. The solution of the drainage 
function is compared with the solution of Glover's trans ient state dra inage 
equation. The two equations agreed very well, but the agreement was 
not as good for very high values of .y4at/ L. 
The drainage function, D (u ), was solved for the point n"lidway 
n 
between drains and the solution was presented graphically for design 
purposes. 
A drainage discharge function, q (u ), is developed to describe 
n 
the rate of discharge into a drain of an infinite series of parallel drains. 
A dim.ensionless curve of the drainage discharge function is presented. 
A method is presented to evaluate the rate of the water table 
recession between dra ins for any initial water table condition. 
xii 
The effect of irrigation wate r on the water table between drains 
is determined, and the rate of recession of the water table after irrigation 
is solved. 
A field method is presented to determine the integrated values 
of transmissivity and specific yield of an area to be drained. 
(121 pages) 
INTRODUCTION 
Im.portance and need for drainage 
Drainage is one of the most important problems in irrigated 
areas. Many ancient civilizations were ruined because of the lack 
of appreciation for the importance of drainage in these regions. 
In both humid and arid areas, when precipitation is higher 
than the evapotranspiration, some of the excess water penetrates into 
the soil. If there is not enough natural drainage, the water table builds 
up and may reach the root zone. When precipitation is less than the 
evapotranspiration, other factors, such as irrigation, may contribute 
to the drainage problem. 
Irrigation is not a perfect operation, and in every system there 
are some losses. Conveyance losses, distribution losses, and the 
seepage from canals and upper lands contribute a great deal to the 
waterlogging problem. 
Where the soil is salty and contains a considerable amount of 
soluble salts, the osmotic pressure of the soil solution is high, and 
hinders the growth of plants. To have a good environment for the 
plant growth, the excess salt in the soil should be leached out. 
In most irrigated regions, the irrigation water is not always 
of good quality and carries some amount of soluble salts. When this 
water is applied to the soil, some of it evaporates and leaves the 
soluble salts in the soil. The transpiration process and use of water 
by crops also leaves most of the salt in the soil. As a result, after 
2 
a few years of irrigation, even though the soil may have been very good 
to begin with, it may contain considerable amounts of soluble salt 
which crops can hardly tolerate. Excess salt may come from other 
sources such as the upward movement of salty water from an artesian 
aquifer, seepage of salty water from upper lands, etc. 
In all of the above mentioned cases, the excess and leached water 
should be drained away from the region to protect the area from being 
destroyed. The Bureau of Reclamation has recently recommended that 
the drainage system should be designed along with the irrigation system 
when a new project is initiated. 
Previous as sumptions and des igns 
Designs of drainage systems have customarily been based on 
one of two important assumptions: (1) Steady state condition, and 
(2) transient condition.. Most of the early designs, especially in 
the humid regions, were worked on the steady state assumption. In 
arid and semi-arid regions, where the recharging period is very short 
in respect to the non-recharging period, steady state would only 
approximate the real conditions and the transient case should be 
applied. Even in humid regions the flow of water in the soil is not 
at a steady rate, and when it rains the free water surface moves up 
and then recedes when the rain stops. 
Design of a drainage system for the transient case could be 
approached from two points of view: (1) A horizontal initial water 
table above the drains, and (2) an initial water table where shape is 
repre sented by a fourth- degree polynomial. 
Present interest and contents of 
this dissertation 
In th is pre sentation only the trans ient state case with no 
upward or lateral flow toward the area is of primary interest. The 
horizontal initial water table case is a valid assumption only for 
conditions at the time of installing the drains or when they have been 
closed for some period of the season. In irrigated regions, when the 
recharging period has ceased, the shape of the water table depends 
primarily on the location of natural or artificial drains, the amount 
of deep percolation, length of non-recharging period, initial shape, 
height of the water table, hydraulic conductivity of the so il, etc. In 
3 
previous developments, for ease of mathematical treatment, the shape 
of the water table has been assumed to be a fourth-degree polynomial 
(Dumm 1964), However, this particular assumption is not used in this 
analys is. A method will be developed to predict the rate of rise or 
fall of water table between drains for a given initial water table con-
dition. A field experiment was designed to study a two-dimensional 
ground-water mound to evaluate the transmissivity and the specific 
yield of the aquifer. The results of this experirrlent will be presented. 
The effect of the amount of irrigation water and its application 
4 
interval has an important effect on the fluctuation of the water table 
between drains. In this study this effect will be cons idered and the 
design of the drainage system will include the irrigation parameter. 
Specific yield or drainable porosity is an im.portant, but con-
troversial para.meter. Most authors assum.e that it is constant while 
others contend that it cannot be assumed to be constant because its 
amount changes with depth to the water table. Luthin (1957) showed, 
with a laboratory study, that the shapes of the experimental water 
table are similar to the theoretical shapes which are based on the 
constant drainable porosity, but the rate of fall does not accurately 
match the theory. 
Depth of the impe rmeable layer is hard to measure, if not 
impossible. Laboratory measurement of hydraulic conductivity 
gives a value which is not very reliable for the field use. A field 
test is needed to evaluate the integrated values of hydraulic con-
ductivity, k, depth to the impermeable layer, D, and the specific 
yield, V. In practice, k~ and D do not need to be determined separately, 
but their product or the transmissivity of the aquifer (T = kD) should 
be determined. 
To determine the transmissivity and the specific yield of the 
area, a small trench was dug and a constant recharge, q, per unit 
length was introduced into the trench. The rise of the water table, h, 
at different distances, x, from. the trench was measured for different 
tim.es, t. 2 The values of h/qx was ploted vs. x It on log-log paper and 
5 
matched with the curve of the seepage froITl canals to determine T and 
V. 
The calculated value s of transmis s ivity and spec ific yield found 
from the ITlatching method are assumed to be the integrated values of 
T and V which directly effect the fluctuation of the water table. 
Determined in this manner, they do not have the disadvantages of 
the laboratory measurements. 
REVIEW OF LITERATURE 
The review of literature will be divided into two parts: 
(1) Build-up of the water table due to spreading of the water 
on the land, and 
(2) Rate of rise and the recession of the water table with the 
presence of drains. 
Spreading of the water on the land 
The continuity equation describing the flow of water in the soil 
for a transient state (Glover 1964) is: 
where 
d (kh1 dX dhl) dX 
k is the hydraulic conductivity of the tnedia 
hI is the height of the water table above the impermeable 
layer 
x is the distance from. the origin 
V is the specific yield 
t is the time 
Equation (1) is a non-linear partial diffe rential equation and 
its solution is rather involved. To solve Equation (1), hI may be 
written as (see Figure 1) 
( 1) 
where 
D is the depth of imperm.eable layer to the origin or the 
average thickness of the aquifer 
h is the height of the water table above the origin 
If it is assum.ed that h is very sm.all with respect to D, then Equation 
(1) could be linearized as follows: 
dh 
= V ~ 
Most of the equations of the flow through porous m.edia are the 
solutions of the linearized differential, Equation (2), for different 
boundary and initial conditions. 
For build-up of the water mound due to water spreading on a 
7 
(2) 
strip of land of finite width with an infinite length, Glover (1960) solved 
Equation (2) and developed the following formula: 
where 
h :: H 
2 
-u 
e du 
h is the he ight of water mound in feet 
H is the height of a cube of water due to an instantaneous 
percolation of wate r into the soil. T·he am.ount of H is 
(3) 
8 
equal to It/V, where I is the intake rate, t is the period 
of the application, and V is the fillable paras ity 
u is the variable of integration 
w 
x --2 
= 
-V 4 a t 
w 
x+-
2 
= l/ 4 at 
w is the width of water spreading area 
= 
kD 
V 
D is the depth of saturated aquife r 
Hantush (1963) derived a formula for the growth of ground-
water ridge in response to a uniform rate of deep percolation on a 
limited area as follows: 
2 
hI (x, t) = 1 - -2 
and 
+ 4 i 2 e r f c ( L + x l]~ lv 4 vt If 
[ 
2 L - x 
4 i e r f c ..... r;-:::-::-
V4vt 
h 2 (x, t) 
2 
2 wvt 
= hO + k [ 4 i 
2 
e rfc ( x - L 1 
-Y4 v t 
(4) 
9 
_ 4 i 2 e rfc (5) 
where 
hI and h2 are the height of water above the base of the aquifer 
after the water has been introduced to the area, under the 
percolation zone, and beyond that zone respectively 
hO is the initial he ight of the wate r table 
w is the uniform. rate of percolation per unit area 
E is the specific yield of the aquifer 
2 
erfc (x) is the second repeated integral of the error function, 
values for which are available in tabular form (Carslaw 
and Jaeger, 1959) 
2L is the width of spreading area 
Glover (1964), for the case of the water table build-up due to 
constant seepage from a canal, proposed the following formula: 
2 
00 -u 
h :: gx F Ix e du 2lTkD 2 u (6) 
-{47rt 
where 
h is the rise of water table at the distance x from the 
canal due to the seepage rate of q per unit length of 
the canal 
10 
Bittinger (1965) proposed a formula for a periodic instantaneous 
releaseofdisks of ground water, each having a height of H and a radius 
of (a) as follows: 
where 
h 
n 
H = 
1 
2 at 
n 
e 
2 
- r 
4at 
n I ( r r' ) r'dr' 
o 2 at 
n 
h is the water rise due to the release of disk number n 
n 
(7) 
H is the height of the ground-water disk due to the rate of 
seepage, Q, for a period of t , (H 
P 
V is the specific yield 
2 
= Q t /ira V) p 
t is the time since instantaneous release of disk number n 
n 
r is the radial distance from the center of the spreading basin 
r' is the variable of integration running from 0 to a 
I is the modified bessel function of the first kind and 
o 
zero order 
Marino (1967) proved the formula which was introduced by 
Hantush (1963) with the Hele-shaw model. He also presented a formula 
for the case of the decay of the ground-water ridge after the cessation 
of the recharge, which is as follows: 
2 
hI (x, t) = h 2 + 2 wvt i k 
wvt 
k r 2 (L-X)'] L4 i erfc 14 v t . 
and 
where 
2 wv·e 
k 
-I 2 wvt 
k 
[ 2 (L-X) 2 (L+X)J 4 i erfc \ r:-=-7 + 4 i erfc _ 
l V4 vt 1/4 v t l 
2 
h2 (x, t) h. 2 wvt = 1 + k [4 .2 f ( x - L L er c Y4vt 
(8) 
4.2 f (X + L)] 
- 1 erc""\~ 
y4vt 
wvt l 
k [ 2 (X-L) 4 i erfc _ \)4 v tl 
t l = t - t 
a 
- 4 i 
2 
e rfc ( ~ + L )J ~ 
t is the time from which flow started 
t is the tiITle from which the flow has ceased 
a 
h. is the initial depth of unconfined saturated aquifer 
L 
L is the width of recharging strip 
(9) 
w is the uniforITl rate of vertical percolation per unit area 
y = K hlG 
11 
12 
Dagan (1967) for a free surface ground-water flow due to a 
uniform recharge over a strip of land of finite width, proposed the 
following formula: 
1T 
x-I + --. 
2 "1 (x, t) = 
- 1 
2 2 
In (x - 1) + t 
2 (x - 1) 
+ t arc tan ------2t J 
1 _ x 2 _ t 2 
( 1 0) 
where 
111 (x,t) is the height of the water table build-up above the 
initial water table 
x = Xl / L 
2L is the width of water spreading strip 
t = t' k/nL 
n is the effective porosity 
t' is the time after application of the water 
Dagan also analyzed the water mound build-up on an initially 
sloping water table. From his analysis, he concluded that the difference 
in the elevation for the case of the initial slope of f3 = 0, f3 = 1, and 
f3 = 2 are insignificant, and suggested that at such slopes the solution 
for f3 = 0 could be adopted without large errors for f3 :f O. 
Fluctuation of the water table with the 
Eresence of drains 
Ferris (1950) solved Equation (2) for the case of drawdown of 
13 
water table due to a single drain which has penetrated all the way through 
the aquifer. He assumed that the out-flow from the drain per linear 
foot is constant, and the initial water table is horizontal. He proposed 
his equation as follows 
00 2 
1 -u s qx e du ( 11 ) = T -v;;- 2 2 u 
-V 4at 
where 
S is the drawdown of the water table at the distance x, 
and for the time, t, after opening of drains 
T = kD 
Dumm (1954) reported that Glover developed a formula for the 
transient case of the water table height between drains. He assumed 
that the water table is initially horizontal, and the height of the water 
table above the drains is very small with respect to the depth of the 
aquifer. His formula is as follows: 
2 2 
-an TT t 
00 
L2 4 L 1 Y = Yo e 1T n . nTTX Sln--L (12 ) 
n= 1,3,5, ... 
where 
Y is the he ight of the water table above the drains at the 
14 
distance x from the drain, and after the time, t 
Y is the initial height of water table above the drains o 
L is the drain spacing 
Q' =KD Iv 
a 
D = d + y 12 
a 0 
d is the depth of aquifer below the drain 
2 
For the case where Q't/L approaches. 025, all the terms of 
the above series, but the first one, go to zero. If x = L/2 in the above 
equation, the he ight of the water table midway between drains would be: 
2 
-Q' 'IT t 
4 L2 
Yc=Yo 'IT e 
Solving Equation (13) for L 
where 
L = 'IT 
k D t 
a 
(
4 Yo) V ln :;; y c 
Y is the he ight of wate r table above the drains at the c 
midpoint 
(13 ) 
( 14) 
Van Schilfgaarde et al (1956) reported that Glover solved the 
continuity Equation (1) for the case where d = 0, and carn.e up with the 
following equation: 
= 
Solving this equation for S yields the following equation: 
where 
S = 
9 k Y t 
o 
1/2 
S is the drain spac ing 
f is the drainable poros ity 
(15 ) 
( 16) 
Peterson (1957) used the solution of the drawdown of the pie-
zometric pressure of an aquifer due to a constant pumping rate from 
a well as follows: 
00 
--fL. J, -u S e du (17) = 41fT u 
r s 
--4Tt 
where 
Q is the constant discharge from the we 11 
S is drawdown 
r is the distance of the point to the well 
s is specific yield of the aquifer 
15 
16 
He suggested that the drainage of an area could be accomplished by 
pumping from a battery of wells in that area. 
Luthin (1959a) proposed a formula for the falling water table 
with the following assumptions: 
1. The rate of flow in the tile line is proportional to the 
distance of the water table above the drain (y), q = cky. 
2, The rate of flow in the tile line is independent of the spacing 
of the tile drains. 
3. The rate of flow is independent of the tile diameter. 
4. In the first development it was assumed that the water table 
is flat, but an elliptical shape of water table was assumed in the second 
development. For the case of flat water table, he proposed the following 
formula: 
( 18) 
where 
S is the drain spacing 
C is a constant and is equal to 1 
Y 1 is the height of the water table between drains at time, 
yz is the height of the water table at time, t2 
f is the average drainable poros ity 
a 
Luthin (1959b), as a result of personal communication with T. 
Talsma and H. C. Has-ken (Luthin 1959b), found that the relationship 
17 
between the outflow from tile drains and the height of the water table 
at midpoint is not linear, but rather polynomial as follows: 
Z 
q=ay+by ( 19) 
where 
q is the rate of the discharge into the tile line 
a is a constant 
b is a constant 
Y is the height of the water table at n'lidpoint 
Then he proposed the following formula for the tile spacing: 
S 
ak(t
Z
-t
1
) 
(20) = (a+/ y1) 
f In 1 
a (a +y: Y2~ 
Isherwood (1959) solved the differential equation for the water 
table recession between two parallel drains by the relaxation method. 
He used a high speed digital computer for programming the fall of the 
water table. The result of the computation was presented graphically 
in his paper. 
Maasland (1959) derived the following formulas for the case of 
a water table build-up due to rainfall between drains. If the rain 
intensity is P, then the water table induced due to this recharge would 
where 
00 
L 
n = ° 
sin (2 n+ 1) 1T (~l exp ( - fJ. t )} 
-3 (2 nt 1) 
z is the height of water table above the im.permeable 
layer 
P = P/kD 
c 
P is the constant rate of rec harge 
2 2 
fJ- = k (2 n + 1) (IT / 2) 
hI is the he ight of the water table in the drain to the 
imperm.eable layer 
18 
(21 ) 
Beginning with a water table which is in equilibrium with the 
rainfall, and suddenly the rain stops at t = 0, then the recessionof 
the water table would be: 
m 
-3 (2 n+ 1) sin (2 n+ 1) L 
n = ° 
IT ( ~ ) e xp (- fJ- t) (22) 
When the water table has not reached the equilibrium. state with 
the rainfall and at the time t1 the rain stopped, then the height of the 
water table for t > t1 would be: 
p 
c 
2 (8/2) 00 L -3 (2n+1) sin(2n+1). 
n = 0 
19 
(23) 
If a cons tant re charge P starts at t = 0, stops at t = t l' starts 
at t = T > t
1
, stops at t = T + t l , and so on, the solution of the height 
of the water table would be: 
where 
z = h + 1 
P 
c 
2 
sin (2 n + 1)' 1T (~) (Q - RJ 
0'" Q, and R are functions of t, t 1, T, and ~ 
r is the numbe r of the pe r iods . 
(24) 
Brooks (1961) presented a solution for the non-linear differential 
equation (1) describing unsteady flow toward an array of parallel drains. 
He started with an initial horizontal water table. His solution is quite 
involved and will not be presented. He also pre sent,ed a graphical 
20 
solution for the height of the water table with time at the midpoint 
between drains. 
For the case of tile drains lo~ated at the water table and the 
rise of the water between drains is due to intermittent irrigation water, 
Maasland (1961) proposed the follow ing formula: 
where 
Tf (t) . a exp (- I-.l T £) n n 
P ::: p/kD 
c 
P is the uniform application rate per unit area 
a ::: (exp I-.l T £ - 1) I (exp I-.l T - 1) 
n n n 
T is the time interval between the consecutive recharge 
£ = tiT 
lin 
2 
::: kD I E (2 n + 1) 
E is the specific yield 
(25) 
Stallman (1962) solved the equation of drawdown of the water 
table in the embankment of a stream when the water in the stream 
suddenly drops to S at t = O. He assumed a horizontal water table for 
o 
the initial condition in the derivation of his formula. His formula is 
as follows: 
where 
S - S = 
o 
2 S 
o 
x 
J~ 
o 
21 
2 
e -u du (26) 
S is the amount of drawdown for the distance x from the 
stream and time t. 
S is the initial drawdown at x = 0 and t = O. 
o 
Other symbols as previously defined. 
Van Schilfgaarde (1963) suggested the following formula for drain 
spacing for the falling water table case: 
where 
where 
S = 3A [k (d + m) (d + m 0) t ] 1 /2 
2 f (m - m) 
o 
S is the drain spacing 
(27) 
A is the function which needs a numerical evaluation and 
may be estimated from the following formula within 
±. 3 %: 
(28) 
m is the he ight of the water table above drains at the mid-
po int and time t 
22 
m is the height of the water table above drains for the mid-
o 
d 
point at t := 0 
:= d + m 
o 
is the depth of the drains to the impermeable layer 
In his development, the equivalent depth (Equation (45)) which was pro-
posed by Hooghoudt (1937) was used to take care of the convergence 
near the drains. 
Kirkham (1964) used a physical model consisting of fictitious 
membranes which were located along the streamlines in the soil to 
analyze the fluctuation of the water with time. He assumed that the 
water table was initially in equilibrium with the rainfall, and suddenly 
the rain stops. The formula is for the fall of the water table after 
cessation of rainfall and is as follows: 
where 
t := 
[(b 0 - b) + 2 SF (x, 0) 
k 
f 
t is the time after the rain has stopped 
b is the equilibrium height of the water table 
0 
b is the he ig ht of the wate r table for time t 
2S is the drain s pac ing 
F (x, 0) is a function of (x, L, and r) 
r is the radius of the tile drains 
f is the drainable poros ity 
at t := 0 
(29) 
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Kirkham found that the above formula is not exact, but it is on the 
safe side (t is greater than the actual time). 
Dumm (1964) reported that Glover assumed an initial water 
table between drains which corresponds with a fourth-degree polynomial: 
8H 3 2 2 3 4 
4 (L x - 3L x + 4L x - 2 x ) ( 30) 
L 
where 
H is the height of the water table at midpoint 
Glover's formula for the recession of the water table at midpoint is: 
1 
2 8 
n - n 
-2 
y (C 1 t) 192 00 2 L ( - 1 ) 1T = Y (c, 0) 3 5 
1T n = 1,3,5, ... n 
(
2 2 ) 1T n at 
exp... L 2 (31 ) 
where 
y (c) is the height of the water table above the drains at mid-
point 
Dagan (1964) pre se nted an approximation method for the 
evaluation of the water table induced by a variable discharge. In his 
presentation he assumed that the drains are set at the initial water 
table and the intensity of rainfall has been step-wise with time. A 
f!raohiral solution of th.e water table at the midpoint with respect to 
24 
time was presented. 
Ligon et al (1964) extended the steady-state water table solution 
of Kirkham (1958 and 1960) to the falling water table case. Kirkham
' 
s 
(1960) solution is: 
RS F (x, 0) ( 32) z = k(1 - R/k) 
where 
z is the height of the water table above the drain 
R is the intensity of the rain 
2 S is the drain s pac ing 
F (x,o) is a function of (x, S, r, and hI) 
2r is the bottom width of the ditch 
hI is the he ight of the water in the ditch 
If the rain stops after the' steady-state water table has been 
established, Ligon as su.med that the wate r table will fall, between the 
fictitious frictionless strips of thin metal which are located at the 
stream lines, would be at the rate of: 
where 
dz 
dt = 
R 
f 
f is the drainable pore space 
(33 ) 
Using these two equations, (32) and (33), Ligon came up with 
the relationship: 
z 
z e 
S F (x,o) 
= z 
o 
kt 
z --
o f 
S F(x,o) 
e 
Glover (1964) proposed the following equation for the water 
table between the parallel drains beginning with a horizontal water 
table: 
where 
h = 4H 
TI 
00 
1 L n 
n=l, 3, 5, ... 
e 
2 2 
- n TI at 
2 
L 
nTI 
sin L 
x 
h is the height of the water table above the drains 
(34) 
(35) 
x is the distance perpendicular to the direction of the drains 
H is the initial height of the water table above the drains 
The above formula is for the case where the drains have been 
located above the impermeable layer. For the limit case, when the 
drains are located on the impermeable layer, the continuity condition 
is: 
o k h oh 
Ox Ox = V dh ot 
If H is the value of h for x = L/2 and t = 0, let 
h U - H 
.. t: 
'=-
x 
, and 
L 
k Ht 
2 VL 
( 36) 
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then, the above differential equation becomes: 
d dU dU ~ U ~ =dT] 
A solution for Equation (37) is: 
U = Wy 
W can be determined by: 
where 
and Y is: 
W 
S = c J wdw 
-VI - w3 
c = 
Y :;::: 
o 
r(7/6) = .5798 
Fr(5/ 3 ) 
1 
912 at + 1 
L2 
26 
(37 ) 
(38 ) 
( 39) 
( 40) 
(41 ) 
A dimensionless plot of Equations (38) and (41) was presented by Glover. 
Van Schilfgaarde (1965) reported that Kirkham (1964) derived a 
falling water table equation from the potential theory as follows: 
where 
log 
e 
m 
o 
m 
F is an infinite series function of rlS and dIS 
r is the radius of the tile drain 
S is the drain s pac ing 
f is the drainable porosity 
log 
e is the natural logarithm 
m is the initial water table above drains 
o 
m is the height of the water table m.idpoint between tiles 
d is the depth of the drains to the impermeable layer 
Kirkham developed his theory on the model which involved some 
fictitious frictionless .mem.branes along the initial streamlines. 
The Bureau of Reclamation Staff (Luthin, 1965) proposed a 
27 
( 42) 
formula in which the initial water table has a shape that corresponds 
witha fourth-degree polynomial, Equation (30). The transient equation 
for the he ight of the water table (y) at the distance x and the time t 
between two drains is as follows: 
192 H 
5 
00 
L 
2 2 (2 m + 1) 'IT - 8 
y = 
m = 0 
5 (2 m + I) 'IT 
(2m+1}rrx 
. s in ...:..----...:..--~ 
L 
( 
(2 m + 1) 2 'IT 2 at) 
exp - 2 
L 
( 43) 
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Mood y (1966) reported the solution of the continuity Equation (2) 
for the case in which the initial water table was a fourth-degree poly-
nOITlial. He proposed the following forITlula: 
00 
L 
n = 0 
2 2 (_ 1)n (2 n + 1) If - 8 
5 (2 n+ 1) 
exp 
[- (2 n + 1) 2 T? W ] co s (2 n + 1) 'IT U ( 44) 
where 
v = h/H 
U = x/L 
W = kDt/S L 2 
S is the storage coeffic ie nt 
For the depth of the aquifer, he used the equivalent depth which was 
proposed by Hooghoudt (1937). The equivalent depth was proposed to 
take care of the losses due to the convergence of the flow to drains as 
follows: 
: = [l+~(~ In: -3.4)flforo<~< .03 (45) 
where 
a is the radius of the t He drains 
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'" d and d are the depth and equivalent depth of the aquifer, 
respectively 
Moody solved the non-linear differential equation (1) numerically 
and drew the following three kinds of curves relating: 
1. Maximum wate r table he ight between drains, 
2. rate of discharge to the drains, and 
3. the volume of water removed from the region between two 
drains and the time. 
Dylla (1966) used the Donnon steady- state equation of drain 
spacing: 
(46) 
where 
S is the drain s pac ing 
P is the permeability of the saturated media 
b is the depth of the water table to the impermeable layer 
a is the depth of the drains to thE.: Lmpermeable layer 
Q
d 
is the drainage requirement (volume of water per unit 
area per unit time) which was assumed to be equal to: 
(47) 
m is the he ight of the water table above the drains 
f is the drainable poros ity 
Dylla combined Equations (46) and (47) and integrated to get the 
following formula: 
where 
2.3 S2 f 
t :; 
SaP 
m is the height of the water table midway between the 
o 
drains at t = 0 
m is the height of the water table at midpoint at time t 
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( 4S) 
DERIVATION OF THE THEORY 
Solution of the boundary value problem 
Taking the general continuity equation of the flow of the fluid 
through porous m.edia: 
( 1 ) 
where 
k is the hydraulic conductivity 
HI is the height of the water table above the impermeable 
layer 
V is the s pe c ific yield of the aquife r 
t is the time 
Assume that there is a line sink located below and close to the water 
table (Figure 1) in a quite deep aquifer. If the height of the water 
W.T. --~ J---
H ~ / ~ t-0 _ _ ~- __ ~ _ _ _ _ _ 
I I I 
I .t- X -,,: 
I 
D 
. ___ '1' .. ______ , ___________ _ 
Figure 1. Drawdown of the wate r table due to a single drain 
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table above the line sink, h, is very small with respect to the depth of 
aquifer, D, then HI = D + h and the continuity Equation (1) with the 
boundary and initial conditions becomes: 
oh V~ 
1. c. h (x, 0) = H 
o 
~h (0, t) = 0 B. c. h(co,t)=H o 
let S = H - h, then Equation (49) becomes: 
o 
= V oS 
ot 
1. c. S (x, 0) = 0 
fS(O,t) =Ho B. c. " . lS (00, t) = 0 
( 49) 
( 50) 
letting V/k D = a 2 and taking the Laplace transformation of Equation (50) 
with the use of the initial condition, one obtains: 
L [S (x, t)] = a 2 s L [S (x, t)] (51 ) 
the solution of Equation (51) is: 
[] - a-Y; x a-Y;- x L S (x, t) = A (s) e + B (s) e (52) 
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Because S (x, t) is bounded (second boundary condition), then B (s) = 0; 
using the first B. C. : 
= 
H 
o 
s 
=: A (s) 
Substitution Equation (53) into Equation (52) results in 
L = 
H 
o 
s 
e 
- a-y;, x 
The convolution theorem is used to solve the Equation (54): 
L [f(t)] L [g(t)] = L U t fit - A) g(A) d,,-J 
H 
L [f(t)] 0 = 
s 
L [g(t)] = e -a-V;x 
(53) 
( 54) 
(55 ) 
(56 ) 
( 57) 
To find the inverse transform Equation (57), the following equation is 
used (Wiley, p. 402): 
(58) 
Using Equations (55); (56), (57), and (58)3 Equation (54) becomes: 
H 
o S (X, t) = ---2-Y;- e 
2 2 
Letting z = a x /4/\, Equation (50) beconles: 
Let 
S (x, t) = 
2 
a = 
V 
KD 
2H 
o 
-v;-
1 
:::: 
2 
-z 
e 
Then Equation (60) becom.es: 
co 2 ~i S (x, t) -z dz = e 
-y 4at 
Defining: 
x 
= u 
2 fCO _z2 
_~ e dz.= erfc (u) 
V
Tr 
u 
2 
-z 
e dz = erf (u) 
dz 
2 2 
a x 
4/\ d/\ 
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( 59) 
(60) 
(61 ) 
(62) 
erfc (u) = 1 - erf (u) 
Using Equat ions (63) and Equation (62) becomes: 
If 
S (x, t) = H erfc (u) 
o 
h (x, t) = H - S (x, t) 
35 
(63 ) 
( 64) 
(65 ) 
the formula for the height of the water above a single drain becomes: 
or 
h (x, t) = H - H erfc (u) 
o 0 
h (x, t), = H erf (u) 
o 
(66) 
Values of erf (u) have been tabulated (National Bureau of Standards, 
1941) for different values of usand presented in Figure 2. 
Consideration of having infinite series 
of parallel drains at distances L 
Equation of drawdown for a line sink was found to be: 
10 
/ 
(A) 
u 
Figure ·2. =2tFJ 
o 
The relationship between erf (u) 
u 
-z 
e 
2 
(B) 
dz and u 
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S (x,t) = H erfc (ti) 
o 
(64) 
To determine the drawdown of the water table at any point for 
an infinite series of parallel drains, the drawdown due to each drain 
at the point should be considered (see Figure 3), or in other words: 
where 
S (x, t) = H 
o 
u' =x /~, 
n n 
00 
L 
n = 1 
erfc (u ) 
n 
( 67) 
x is the distance from the n !.!::. drain to the po int cons ide red· 
n 
As n goes to infinity, erf c (u' ) goes to zero. Calculation of Equation 
n 
(67) shows that for n > 4 erf c (li ) does not have any significant effect 
n 
on S (x, t), and, therefore, erfc (u ) for n> 4 will be eliminated from 
n 
Equation (67) to get: 
4 
S(x" 'f) = H L e rf c (u ) 
1 a n = 1 n 
(68) 
Using Equations (65) and (68), the height of the water table at any point 
x from a drain for an infinite series of parallel drains will be: 
1 
erf (u"!"l) - L erfc (u' ): 
[ 
4 : 
n = 2 nJ 
To simplify Equation (69), the term 
( 69) 
I 
~ 
-' ~ 
I I 
I I 
_ X • - xl I 3 - -.i - -
D> h .. 
~ 
I 
- .. 
.t...-
I~ 
k,V 
1'( 2) 
X - -
- 2 
I 
I 
- ~ 
I 
L - - ....J 
- x 4 
w. t. 
~ ~(4) 
..,..1 
I 
Figure 3. Showing the position of an infinite series of parallel--.drains and their 
effects on the draw-down of the water table between drain nu.mbers 
(I) and (2) 
VJ 
00 
39 
will be called the drainage function, D (u ) and h (x ,t) will be written 
n 1 
as h (x, t), where x is the distance of the point to the first drain. There-
fore Equation (69) becomes 
h (x, t) = H D (u ) 
o n 
(70) 
Numerical values for Equation (70) are com.puted and presented 
in Figure 4. In Figure 4, the values of D (u- ) are plotted vs. xl L for 
n 
different values of ~ L. The solution of Equation (70) is plotted 
on log-log pape r (Figure 5). Since Figure 5 is a dimens ionle s s curve, 
it may be used in the design of drain systems. 
For any given shape of the water table between drains, the initial 
height of a horizontal water table and the tim.e required to reach the 
given shape .may be found by .matching of the curve of h (given height of 
the water table) versus x/L with Figure 5. The height of the horizontal 
initial water table, and the ti.me, t, required to reach the given height 
of the water table is called the effective initial height and the effective 
time for the given water table respectively. 
Fluctuation of the water table at mid-point between drains may 
be found by substituting x = L/2 in Equation (70) to obtain: 
h (L/2, t) = H D (Ui ) o 1 - n (71 ) 
~ 
::;$ 
Q 
r-----Y4atl L = 0 
-------, 
=:::.........,. ~I » "', o '1'<',/ ~ ,..........-;:: . IjU . 1. UU 
. 10 .20 .30 .70 · .80 
", 
x/L 
Figure 4. Variation of drainage function D (u ) with distance ratio xl L for different 
value s of '14atl L. n 
~ 
o 
:j4atl L = 0 
~~ 
1.0~--------------------------~---=~=-~~~~~~ 
I 
-s:: 
:j 
-Cl 
0 
::r: 
11 
s:: 
-0 ..j..) 
..... 
>::'" ..j..) :j 
....... 
0 
..0 Cf). 
. 1 .2 . 3 .4 
x/L 
Figure 5. Curves showing the relationship between the drainage 
function D (u ) and the distance ratio xl L for different 
value s of n -V 4Qt/ L 
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Solution of: 
h (L/2, t) = H Dl (u-) 
o n 
for m.idway of drains 
.1 .2 .3 .4 .5 .6.7 .8 .9 1.01.11.21.31.4 
-Y4at/L 
Figure 6. Curve showing the relationship between the drainage 
function Dl (un) and -V 4at/ L at the midpoint between 
drains 
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Values of D1 (un)' computed from Equation (71) are plotted versus 
1/4 at; L and are shown in Figure 6. 
Determination of flow rate from drains 
The volum.e of the water coming out per unit length of the drain 
(v
t
) is equal to twice of the shaded area ABeD (see Figure 7). 
- ~-
I 
, 
H 
o 
I 
I 
,. 
4-- L/2 - - -t>ol 
w. t. 
Figure 7. Illustration showing the dewatered section of the soil 
profile between drains 
L/2 
v ( t) = 2 J V S (x: t) dx (72) 
o 
From anothe r point of view, the total volume of the wate r is equal to 
the integration of the discharge per unit length of drain with respect 
to time: 
t 
V(t) = J q(t) dt 
o 
where 
q(t) is the rate of discharge per unit length of drain 
Equation (72) is equal to Equation (73): 
L/2 t 
2 J V S(x, t) dx = j q (t) dt 
o o 
taking the derivative of both sides of Equation (74) respect to time: 
d jL/2 
q(t) = 2 Vcit S (x, t) dx 
o 
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(73) 
(74) 
(75) 
The tiITle derivative can be taken inside of the integration sign because 
the integration is with re spect to x only: 
L/2 [ J q(t) = 2 V J :t S (x, t) dx (76) 
o 
From the previous development we have: 
4 
S (x, t) = H 
o 
L erf c (u ) 
n = 1 n 
( 68) 
2 
-z 
e dz 
z 
---
F 
from the calculus 
z 
-yTI 
o 
d f(t) 
dt 
Taking the derivative of Equation (68), 
d S (x, t) = dt 
- Z H 
o 
[ 
. Z Z 
e - u 1 U 1 t - 1 + e - tiZ u Z t - 1 
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(68) 
(77) 
Inserting Equation (77) into Equation (76), and integrating with respect 
to x, then the equation of the discharge per linear foot of drain would 
result as follows: 
,..---r 
q (t) = Ho "\ / 4 V T jl- 2 e 
V 1T t -
- Z e 
_£] 
at 
+ e 
---
2 4 a t + e 
(78 ) 
To eliminate time, t, from the term outside of the brackets, 
Equation (78) will be multiplied and divided by -Y4at/L to get: 
q(t) = H 
o 
4T [~ -v:rr L 
47 
(79) 
The terms inside of the brackets of Equation (79) will be called the 
"drainage discharge function, q (u ). II Equation (79) becomes: 
n 
q (t) = H 
o 
4T q (u ) 
n 
-v;- L (80) 
The solution of Equation (80) for given values of ~ L is shown in 
Figures 8 and 9. These figures enable one to determine the flow rate 
from a given length of drain after the elapse of a given time. 
Determination of effect of irrigation 
on the water table between drains 
1. Assuming that irrigation water is applied with a constant 
application rate of (1) ft/ sec., and for a period of t, if the period t is 
divided into M, equal intervals of t
1
, then the he ight of the cube of wate r 
in the soil due to irrigation of period tl would be: 
H 
o 
48 
20 
19 
18 
17 
16 
15 
14 
13 
12 Solution of: 
H T 4 0 q (u ) 11 q (t) =-y;- L n 
-0 
10 
::s 9 
-
cr 
8 
7 
6 
5 
4 
3 
2 
1 
o ~~~~--~--~--~--~~~ __ ~ __ ~ __ ~~~~ __ ~ __ ~ 
o .1 .2 .3 .4 .5 .6 .7 .8 .9 1.01.1 1.21.31.4 
-Y4at/ L 
Figure 8. Curve showing the relationship between the drainage 
discharge function q (u ) and l/4at/ L 
n 
10.0 
Solution: 
q (t) 
4 Ho T 
-.----
--{if L q (u ) n 
1.0 
Figure 9. Curve showing the relationship between the drainage 
discharge function q (u ) and \/4atl L 
n 
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1.0 
50 
If this depth of water is as surned to be applied to the so i1 
instantaneously, and at the middle of the period tl' then the problem 
will be changed to the recession of the water table between drains of 
I 
the height H according to Equation (70) or: 
o ' 
(81 ) 
If this depth of water is as sumed to be applied to the so il 
instantaneously, and at the middle of the period t
1
, then the problem 
will be changed to the recession of the water table between drains of 
I 
the height H according to Equation (70) or: 
o 
50 
(81 ) 
where 
(hI) is the increase of the:_ height of the water table due to the 
m 
irrigation of m ~ period tl 
u = x I-V4at' 
n n 
t l is the time from the middle of them.!E... period to the end 
of the irrigation. 
The total increase in height of the water table due to the irrigation 
for the whole period of t would be the summation of the increments of the 
water table rise for different consecutive periods of tl or: 
where 
h 
1 = 
M 
L (hI) Tn 
Tn = I 
(82) 
hI is the total effect of irrigation on the height of the water 
table between drains 
The height of the water table, h, after irrigation will be equal 
to the height of the water table, ho' before irrigation plus (hI)' the 
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effect of the irrigation. 
The recession of the water table frorn then on will be according 
to Equation (70) in which: 
where 
H = H 
o e 
H is an imaginary initial water table he ight from which the 
e 
present water table condition has developed after a time 
t ; H will be called the effective height of the water table 
e e 
If t is the time required for the water table to drop from H 
e e 
to the present water table and is called the effective time and if tl is 
the time after the end of irrigation, then 
Hand t may be found by matching of the curve of h vs. xl L 
e e 
for the situation after irrigation with Figure 5. When'the two curves 
are matched, the ordinate gives the value of (He) and from the cor-
responding value of -V 4 a tl L by having a and L, the value of t could 
e 
be found. 
2. Assuming that the intake rate is variable and of the form: 
I{t) = c tb 
52 
where 
I(t) is the rate of infiltration of the water into the soil 
t is the time 
b is a constant 
c is a constant 
If a total depth of excess water, D, was to be applied to the soil, 
then D would be equal to: 
where 
where 
D= 
tl is the time required to supply the moisture deficiency 
of the so il profile 
t2 is the total time of irrigation application 
The effect of the irrigation water on the water table is: 
I (t) 
V 
D (u ) dt 
n 
Equation (83) may be integrated numerically. 
(83) 
As suming that D is applied as M equal incremental depths of 
water (DI) in M unequal time intervals of t 1 , t 2 , t 3 , ..... tm' and (DI) 
is applied instantaneously at the middle of each period t Then the 
m 
increase of the water table due to increment, D', would be: 
where 
(h') = 
m 
D' 
V 
(hI) is the rise of the water table to due .m th interval of 
m 
irrigation 
u =x/~ 
n n 
t' is the time fro TIl the TIliddle of TIl ~ period to the end of 
the irrigation period, t. 
The total effect of irrigation water will be: 
M 
L 
.TIl = I 
(hI) 
.TIl 
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This depth of the water, hI' will be added to the depth of the water table 
before irrigation, h , to obtain the present height of the water table, h: 
o 
h = h + h 
o I 
The balance of the procedure will be identical with section 1. 
PROCEDURE AND DESIGN OF THE EXPERIMENT 
A line source was created by constructing a 200 foot long 
shallow trench at the drainage experimental farm (19 T, 12 North R 
1 East, Logan, Utah). To obtain a uniform application of wate r through-
out the length of the trench, a perforated pipe was installed at the bottom 
of the trench and covered with pea-size gravel. The water was supplied 
to the pe rforated pipe from a nearby arte s ian we 11. 
During the su.m.mer the piezometric pressure of the artesian 
aquifer decreased, which resulted in a decrease of outflow from the 
well. To control the flow and provide a constant discharge, a regulating 
mechanism had to be devised for the system.. An overflow riser with 
two regulatory valves on each side was placed on the system to control 
the outflow (see Figure 10). The pressure head of the system could be 
fixed by selecting a proper height for the riser. The two valves were 
used to regulate minimum possible outflow from the riser. A water 
meter was installed in the system to record the amount of discharge. 
One gallon per minute discharge was set by selecting the proper 
height of the riser and regulating the two valves. This device worked 
very well, and the rate of outflow was quite constant during the 
experiment. 
Three rows of piezometers were installed in batteries at depths 
of 2, 3, 4, 5, and 9 feet at distances of 5, 10, 20, 40, and 80 feet on 
---+-«6 Jl q 0 Q A-+ 
valve no. 1 riser valve no. 2 water m.eter 
Figure 10. Illustration showing the arrangement of the valves, riser, and the 
water meter in the system. 
U1 
U1 
56 
each s ide of the trench (see Figure 11). Standard 3/8 inch black iron 
pipe was used for the piezometers. The piezometers were installed by 
driving them down into the soil. A glas smarble was used at the end 
of each piezometer to stop the soil from entering into the pipe as it was 
driven down. After the piezometers had reached the des igned depth, 
the marble was pushed down 4 inches below the bottom of the piezometer 
by a steel rod. 
A set of 9-feet deep auger holes was dug parallel to and on one 
side of the middle row of piezometers. The auger holes were lined 
with pe rforated plastic material to protect them and prevent caving. 
Before starting the experiment, the piezometers were flushed out 
with a hand pU.mp with the outlet tube extending down to the bottom of the 
piezometers. The pumping was continued until clear water was coming 
out of the piezo.meters. This action was accomplished to create a 
cavity at the bottom of the piezomete rs and also to open the soil pore s 
which had been compacted during the installation of piezometers. 
Initially the depth of the water table was read by an electric water 
level indicator, model DR-762A, soil test company. This equipment was 
not very satisfactory. The needle frequently getting stuck during the 
operation and the apparatus had to be cleaned out before each use, 
requiring cons iderable time. By us ing a piece of hard plastic tubing, 
an accurate determination of the water table could be obtained. Depth 
to the water table was determined by slowly blowing into the tubing 
which was lowered in the piezometer or in the auger hole and measuring 
trench ground surface 
I I 1111 1 I 
profile 
f I I I I I i 
1 auger holes 
/ 
0 0 0 o 0 o 0 0 0 
I I I I I 1 
! I I i ;~ 1 
piezometers 
, :\1 
• 1 I I 
trench, 
I I J I I 
1- - - - - - - - - - - - - - - ~ - - - - - -I - - - I - -i - - T - ,- - - L -
, 
80' 
I 
40' 
I I 
20' 10 1 51 5' 10 1 20 1 
Plan 
- - - - -
40' 
0 
I 
80' 
Figure 11. Layout of the piezometer and auger hole sets in the experimental plot 
U1 
-J 
the length of the tubing when the sound of bubbling was heard due to 
hitting the water table. 
To begin with, the data were taken every day, but it was found 
that a daily reading was not neces sary during the whole experiment. 
For the first two to four days of the experi.ment, a daily reading was 
taken, but as the experiment proceeded, the reading interval was 
lengthened to once or twice a week. 
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ANALYSIS OF DATA 
Depth to the water table was measured at the piezometer, and 
the auger hole sets after the water was turned in the ditch in the summer 
of 1966 (see Tables 1 and 2). For most of the time during the experiment, 
the shallower piezo.meters were dry; so the data for the 9 feet pie-
zometers (Table 1) were used for the analys is. The recharge to the 
trench was calculated from the water meter and amounted to 1. 13346 
x 10- 5 cfs per linear foot of the trench. 
2 Values of h/qx, and x It were calculated for piezometers in 
Table 3, and for auger hole s in Table 4. The re suIts are plotted on 
log log paper as shown in Figure s 12 and 13. 
Because of the low permeability, intake rate, and the stratifi-
cation of the soil, the flow pattern required some time to become 
established. As a result, the points corresponding to the first days 
of the recharge did not follow the general trend of tli"~ water table rise, 
and were ignored in fitting the curves. 
According to Glover (1964) the height of the wate r table build 
up due to a line source is: 
h = qx 
21fT du (6 ) 
Table 1. Depth to the water table for the 9 foot deep piezometers 
on the north side of the trench for different distances, x, 
after the wate r has been turned in 
Depth to the water table in feet 
Date Time 
x = 5' x = 10' x = 20· x = 40' 
July 22, 1 :50 5.72 5.68 5.72 5.76 1966 p. tn. 
July 25, 1 :50 5. 58 5.56 5. 63 5.73 1966 p.m. 
July 28, 3:00 5. 34 5. 35 5.46 5.64 1966 p .. m. 
August 1, 2:00 5.03 5.06 5.26 5. 55 1966 p. m. 
August 3, 1-1:00 
4.91 4-.98 5. IT 5.46--1966 p. In. 
August 5, 3:50 4.86 4.92 5.09 5.40 1966 p.m. 
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Table 2. Depth to the water table for the auger holes north side of 
trench, and for different distances, x, after the water has 
been turned in 
Depth to the wate r table in feet 
Date Time 
x = 5' x = 101 x=- 20 1 X = 40 1 
July 22, 1 :50 5. 53 5.71 5.73 5.55 1966 p.tn. 
July 25, 1 :50 5.40 5.60 5.61 5.50 1966 p. tn. 
July 28, 3:00 5.20 5.42 5.49 5.44 1966 p. tn. 
August 1, 2:00 4.90 5,17 5.28 5.32 1966 p. tn. 
August 3, 11 :00 4.72 5.06 5. 17 5.23 1966 p. m. 
August 5, 3:50 4.70 4.98 5. 10 5.17 1966 p .. tn. 
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Table 3. Values of h/qx, and x2 It for the piezometers 
Time distance to ditch distance to ditch distance to ditch 
x = 5' x = 10' x = 20' 
Date H Elapsed our 
+5 2 +5 2 +5 Sec. R d 2 I 2 ea x t· 10 Read x It· 10 Read x It· 10 
10 
h h/qx h h/qx h h/qx 
July 22, 1 :50 0 5.72 5.68 5.72 1966 p. m. 0 0 0 0 0 0 
July 25, 1:50 2592 5.58 9. 645 5.56 38. 580 5.63 154.32 1966 p. m. . 14 2470.3 . 12 1058.7 . 09 397.01 
July 28, 3:00 5226 5.34 4.784 5.35 19.135 5.46 76.54 1966 p. m. .36 6352.2 .33 2911.43 . 26 1146.9 
Aug. 1, 2:00 8646 5.03 2.892 5.06 11. 566 5.26 46.264 1966 p. m. .69 12175. 0 . 62 5469.9 .46 2029.1 
Aug. 3, 11 :00 10266 4.91 2.435 4.98 9.740 5. 17 38.96 1966 p. m. . 81 14292.4 .70 6175.7 .55 2426.19 
Aug. 5 3:50 12168 4.86 2.055 4.92 8.218 5.09 32.87 1966 p. m. .86 15174.7 .76 6705.11 .63 2779.0 
distance to ditch 
x = 40' 
2 +5 Read x It . 10 
h h/qx 
5.76 
0 0 
5.73 617.28 
· 03 66. 16 
5.64 306. 16 
.12 264. 6 
5.55 185.05 
.21 463. 18 
5.46 155.8 
· 30 661.6 
5.40 131.49 
· 36 794.0 
0' 
N 
Table 4. 2 Values of hi qx, and x It for the auger holes 
Titne distance to ditch distance to ditch 
x = 51 X = 10' 
Date 
Elapsed 
Hour Sec. 2 +5 2 10+ 5 2 Read x It· 10 Read x It· 
10 
h h/qx h h/qx 
July 22, 1 :50 0 5.53 5.71 1966 p. tn. 0 0 0 0 
July 25, 1 :50 2592 5.40 9.645 5.60 38. 58 1966 p. tn. 
· 13 2293.8 .11 970.4 
July 28, 3:00 5226 5.20 4.783 5.42 19.135 1966 p. tn. .33 5822.8 .29 2558. 5 
Aug. 1, 2:00 8646 4. 90 2.891 5.17 11. 566 1966 p.m. 
· 63 11116.3 .54 4764. 1 
Aug. 3, 11: 00 
10266 4.72 
2.435 5.06 9.740 
1966 p.m. 
· 81 14292.4 . 65 5734.6 
Aug. 5, 3:50 
12168 4.70 2.054 4.98 8.218 1966 p.m. .83 14645. 3 .73 6440.4 
distance to ditch 
x = 20 1 
2 +5 Read x It. 10 
h h/qx 
5.73 
0 0 
5.61 154.32 
· 12 529.3 
5.49 76.54 
.24 1058.7 
5.28 46.26 
· 45 1985.0 
5.17 38.96 
· 56 2470.3 
5.10 32.87 
.63 2779.0 
distance to ditch 
X :; 40' 
2 +5 Read x It ;; 10 
h h/qx 
5.55 
0 0 
5.50 61.72 
.05 110.9 
5.44 30.61 
. 11 242.619 
5.32 185.00 
.23 507.2 
5.23 155.80 
.32 705.8 
5.17 131.14 
.38 838. 13 
0"-
W 
Figure 12. Curve showing the relationship between hI qx and x 2 It for 
9 foot deep piezometers 
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2 
x /L 
I I I 
10- 3 
Figure 13. Curve showing the relationship between h/qx and x 2 /t for 
9 foot deep auger holes 
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rearranging Equation (6), we get: 
00 2 
h 
-v;-I -u e du 2rrT-= 2 qx 
u 
.x 
-v4crt 
let 
00 2 
(4:2t 1 = ~ I -u rp e du 2 
u 
x 
~ 
Selected numerical values of f> for different values of x/-y;krt are given 
in Appendix (Table 12). 
Values of the function '/J which are equal to 2 rr T hi qx were 
plotted against x 2 I 4at on the log log paper (Figure 14). A portion of 
Figure 14 which correlates with the selected type of soil was replotted 
on Figure 15. 
Using the matching curve technique similar to that developed by 
Theis (1935) the values of a and Twere found by matching Figures 12 
and 13 with Figure 15. The values of x 2 /t and h/qx from Figure 12, and 
the corresponding values of the matched points from Figure 15 were 
recorded in Table 5. From the following relationship a, T, and V are 
found: 
a = 
67 
(C) 1. 0 10 102 
~--~--~~~~~~----~---r~~-r~~----~--~~~~~~1.0 
~ 
"t:I 
N 
~ 
-..... 
103 N 10- 1 ~ 
I 
(]) 
~ 8 -..... 
~x 
~ 
11 
&. 
102 10 10-2 
u 
-1 
10 -3 
--------~--~~~~~----~~--~~~WU----~---L-J~-L~~_J410 
10 
00 2 
Figure 14. Curve showing the relationship between (/1 = 
du and x 2 I 4at 
-.I:f -u 2 V 7T e lu 
x/~ 
II 
'& 
Figure 15. Selected section of Figure 14 
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Table 5. Values of T, and V for the piezometers obtained from matching the curves 
x
2 2 h 2 _ \_ .. ~ gxl 
x 10+4 Item x h _ (x It) 103 T - 21T T-
el- 4(L) x T - _ I h \ V =-t 4at qx qx a 
4at 
1 .002 .362 475 . 82 1.382 2.75 • 1998 
2 .00032 .058 2730 4.75 1. 38 2.765 .200 
3 . 000027 .0049 13000 22.5 1.38 2.752 1.994 
4 .003 .538 2700 .47 1.394 2.77 .1986 
5 .00046 .082 2030 3.55 1.402 2.78 .1982 
6 . 000082 .0145 6700 11. 5 1. 412 2.735 · 1938 
TOTAL 8.350 16.552 
Average 1. 3916 2.758 · 19818 
0"-
-..0 
and 
T = 
v=l' 
0' 
This analysis was repeated for the auger hole data (Table 6). 
The values of 0', T, and V determined using piezometers and auger 
holes were found to be very close (see Tables 5 and 6). The average 
of these two values were used for the rest of the analysis, that is, 
-3 -4 0'= 1.4147 x 10 foot square per second, and T = 2.8055 x 10 
foot square per second. 
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The average value of the specific yield was obtained by dividing 
the transmissivity, T, by 0': 
T V- = . 1983 
Table 6. Values of T and V for the auger holes obtained from matching the curves 
( h J 2 2 h h (x2 / t) 21T T -x x 
x 10
3 
T "~-X 10+4 Ite.m - 2". T-
a" 4( ~J t 40:'t qx qx 21< ~) qx 
1 .002 • 352 480 .85 .1. '421 Z'.82 
2 .00042 .0805 2000 3. 56 1.43 2.83 
3 .000021 .0368 14600 26 1.428 2.835 
4 .0022 • 38 426 . 77 1.448 2.88 
5 .00038 .0655 2320 4.2 1. 45 2.88 
6 . 000029 .005 12200 22 1. 45 2.87 
TOTAL 8.627 17.115 
Average 1. 4378 2.852 
T V=-
0:' 
,'1980 
.198 
0.1984 
.1986 
.1985 
.198 
.19835 
-J 
....... 
SOME EXAMPLES OF DRAINAGE DESIGN 
Des ign of depth and spacing of the 
drains when the initial wate r table 
is hor izontal 
1. Determine the spacing of the tile drains for an irrigated 
region where the horizontal water table is located 1 foot below the soil 
surface. It is des ired to lowe r the water table at the point midway 
between drains to a depth of 4 feet in six days. The depth of the tiling 
machine, and othe r limiting factors, have dictated that the depth of 
drain be 8 feet. Specific yield, V, and the transmissivity, T, of the 
aquifer is . 20 and 8 x 10-4 sq. ft. / sec., respectively. 
Solution: -3 From the above information, a = T / V = 4 x 10 
sq. ft. / sec., and D1 (un) = h/Ho = 4/7 = .571. 
Referring to Figure 6, the relationship between the height of 
the water table at midpoint between drains with time, for D1 (u n) = 
. 571, the corre sponding value of \j4at/ L is found to be . 57. Sub-
stituting t = 6 days and a = 4 x 10- 3 , the spacing is obtained as follows: 
L 2 = 4at 
(.57)2 
L = 159.5 
-3 
= 4 (4x10 )(6x24 x 3600) = 25500 
• 325 
say L = 160 feet 
2. Using the above drain spacing, find the time required for 
the water table to drop to a depth of 6 feet midway between drains. 
Solution: 
h 2 
= 7 = • 285 Ho 
From Figure 6 for Dl (un) = .285, the value of -V4at/ L is found to be 
equal to .762. Having a and L, the time, t, is obtained as follows: 
2 L2 
t = (. 762) = . 58 4a 
t = 10. 76 ::::: 11 days 
Des~gning the size of tile drains 
25600 
-3 4x4xl0 
= 928, 000 sec. 
For the above example, determ.ine the size of a 1/4 mile long 
drain which is to be installed in a region having a gene ral slope of one 
percent. 
Solution: By referring to Figure 4, a maximum height of the 
water table that might occur during the irrigation season is chosen. 
Assuming that the ratio of Dl (tin) ~ h/Ho = .96, the corresponding 
value of -V4at/ L = .30. By referring to Figure 8, the value of the 
drainage discharge function q (u' ) is found to be 2.92. 
n 
-4 Having T = 8 x 10 sq. ft. / sec., L = 160 ft, Ho = 7 ft, and 
the length of drain x = 1/4 m.ile, the total discharge would be: 
73 
o (t) = q (t) . 4 HoT x=-----
1T L 
4 -4 7. 0 x 8 xl 0 x 2. 92 
'IT 160 
= • 3045 cfs 
Using Manning's formula: 
where 
Q 
n 
d 
S 
Q = 1. 49 1T 
n 4 
is the discharge 
is Manning's coeffic ient 
is the diameter of the tile 
is the slope of the tile line 
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5280 
x--
4 
For n = .011, the designed size of the tile drain becomes d = .3735 ft., 
(using the 6 inches). 
Assu.ming a curved initial water table 
If the initial water table is assumed to have some arbitrary 
function, for exam.ple a fourth-degree polynomial of the form: 
8H 3 2 2 3 4 
Y(x,o) = 4 (L x - 3 L x + 4 L x - - 2 x ) 
L 
( 30) 
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Determine the time required for the water table to drop from 1 foot 
depth to 4 feet in depth for the above drain spacing. 
Solution: Begin with a horizontal water table as in the 
previous example. The first step is to determine the time required for 
the water to recede from the initial horizontal state to the fourth-degree 
polynomial given. This will be determined as follows: 
Rearranging Equation (30) to obtain 
( 84) 
Equation (84) is solved and the values of y (x, o)/H = D (u ) are plotted 
n 
vs. xl L on log log paper (Figure 16). By matching the curve of Figure 
12, with the appropriate curve of Figure 5, the value of -V 4atl L is found 
to be .180. Using this result, the effective ti.me required for a horizontal 
water table to reach this given condition (fourth-degree polynom.ial) is 
found as follows: 
t 
e 
= 
2 2 
= (.180) (160) = 51850 
-3 4x 4 x 10 
= 14.4 hours, say 15 hours 
sec. 
The time t = 15 hours, found above, is the time required for 
e 
the water table to reach the curved surface of the fourth-degree poly-
0 
:r: 
-.... 
>. 
1.0 
· 9 
· 8 
· 7 
· 6 
· 5 Solution of: 
.4 
8H 3 ,22 3 4 
y(x,0)=4 (Lx--3L x +4Lx -2x) 
· 3 
. L 
· l' I I I I I I I ~ I I I I 
.01 .05.1 .2.3.4 .5 .. 7.8.91.0 
x/L 
Figure 16. Profile of the hypothetical fourth-degree polynom.ial water table 
between drains 
-.J 
0' 
nornial starting from a horizontal water surface. In the previous 
example the time required for the water to drop from a horizontal 
water table 1 foot below the soil surface to a depth of 4 feet at the 
midpoint of drains was six days. Thus the tim.e required to drop for 
the condition as surned (1 foot to 4 feet) becomes 
t 1 = t - t e = 6 x 24 - 1 5 = 129 ho ur s 
where 
t is the ti.me required for the horizontal water table to 
drop to the present water table 
t 1 is the time required for the given water table (fourth-
degree polynom.ial) to drop to the pre sent water table 
t is the time required for the horizontal water table to 
e 
drop to the given condition (fourth-degree polynom.ial) 
Effect of irrigation on the rate of rise 
of the water table between drains 
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Constant application rate. Assume six days after the installation 
of the drains, 3.2 inches of water is applied to an area with an application 
rate of 0.2 inches per hour to leach out the excess salt as well as to 
supplem.ent the moisture deficiency of the soil. If 50 percent of this 
water is lost due to deep percolation, then 1. 6 inches of the water will 
be added to the water table. AssuITle that in the first 8 hours of irrigation 
the water has been used to bring the soil moisture up to field capacity, 
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and in the second 8 hours the irrigation has contributed to the water 
table. 
Solution: The 1. 6 inches of deep percolation will be divided into 
four O. 4-inch increITlents of water, each applied in 2-hour periods. It 
is assuITled that each 0.4 inch of water has been applied instantaneously 
at the ITliddle of each period. The height of the cube of water in the 
soil due to this 0.4 inches of water would be: 
H I h .4 
o =;=~ = 2 inches 
Then the opportunity tiITle for each increITlent cube of water to recede 
is froITl the ITliddle of the period to the end of the irrigation period. 
The successive increlllents of rise due to the first increITlent for 
a 7 hour interval, the second increlllent for a 5 hour interval, the third 
increITlent for a 3 hour interval, and the fourth increITlent for 1 hour can 
be calculated froITl Equation (70). The cOlllputation is shown in Table 7 
and the effect of O. 4-inch increlllent for the different intervals is shown 
graphically in Figure 17. The total effect of the 1. 6- inch application is 
the SUlll of the individual effects of each O. 4- inch increITlent. 
The height of the water table six days after the installation of 
drains (Table 8) is then added to the incre.lllent height of water table 
due to the L 6 inches of irrigation (Table 7). The accuITlulated height 
of the water table, h, is plotted on log log paper (Figure 18) and the 
curve ITlatched with Figure 5 to find the effective height, H , and the 
e 
Table 7. Computations for the increase of height of water table between drains due to a constant 
application rate 
Time lIe ight of the water table 
Elapsed 
(hours) x = 161 X = 32' x = 40' x = 48' x = 64' x = 80' 
1 1.9942 1.9998 2.0 2.0 2.0 2. 0 
3 1. 8284 1.9988 2.00 2.0 2.0 2.0 
5 1. 6672 1.9886 1.9988 2.0 2.00 2.0 
7 1. 4802 1.9514 1.9902 1.9984 2. 00 2.0 
Total 
(inches) 6.9700 7.9386 7.9890 7.9984 8.00 8.00 
(feet) .5808 .6615 .6657 .6665 .6666 .6666 
Depth of water 
table afte r s LX 
days in feet from 
Table 8 1.1970 2.3387 2.8231 3.2354 3.8073 4.0138 
Accumulative 
he ight (ft) 1.7778 3.0002 3.4888 3.9019 4.4739 4.6804 
-.) 
...0 
Time (hours) = 0 
2 
'21 
..... 
..d 
o 
o 120 
x (feet) 
Figure 17. Curves showing the effect of one inch increments of irrigation water on the water 
table between drains for different time intervals 
160 
00 
o 
Table 8. Cotnputation for the height of the water table between 
drains for Ho = 7 feet, a= 4 x 10- 3 ft2 /sec, L = 160 
ft, t = 6 days, and -V4at/ L = .569 
x x/L D (u' ) h=H D (u ) 
n o n 
16 
· 1 . 1710 1.1970 
32 .20 .3341 2.3387 
40 
· 25 .4033 2.8231 
48 • 30 .4622 3.2354 
64 .40 .5439 3.8073 
80 .50 .5734 4.0138 
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Figure 18. Curve showing the variation of the water table height, 
h, between drains with (xl L) when a constant application 
rate is applied 
effective tim.e, t . 
e 
The value of Hand (~4Qt/L) was found to be 4.8 and. 3150, 
e 
83 
respectively. Having Q, and L, the effective tim.e, t , required for the 
e 
water table to drop from. the horizontal effective height, H , to the 
e 
pre sent he ight could be found: 
t 
e 
= 
(.0992)(25600) 
= 
4 (4 x 10- 3) 
= 44.2 hours ~ 44 hours 
= 159,000 sec. 
To determ.ine the depth of the water table after irrigation, in 
practice, the above calculation is not needed. A few auger holes dug 
perpendicular to the direction of the drains can be used to m.easure 
the water table, h. By plotting (h) vs. x/L on log log paper, t , and H 
e e 
can be found as in the above exam.ple. 
The recession of the water table, after irrigation, therefore, 
will follow equation 70 with Ho = He and t = t1 + te with t, t 1 , and te 
as defined earlier. 
Non-uniform. intake rate case. If the equation for the intake 
rate of the soil is: 
where 
. 5 
D = . 168 t (85) 
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D is the total depth of infiltrated water in inches 
t is the tiITle in ITlinutes. 
The previous exaITlple ITlay be solved for the effective height of the water 
table, and the effective tiITle as follows. 
Solution: According to the above infiltration equation, the tiITle 
required for 4, 5, 6, 7, and 8 increITlents of water to penetrate into the 
soil is 
2 
T 4 = (1. 6/.168) = 90.5 ITlinutes 
2 
T 5 = (2/.168) = 142.0 ITlinutes 
2 
T 6 = (2.4/.168) = 204.0 ITlLnutes 
2 
T 7 = (2.8/.168) = 277.5 ITlinutes 
2 
T 8 = (3.2/.168) = 362.5 ITlinutes 
Then the tiITle taken for the 5th, 6th, 7th, and 8th increITlent of water to 
penetrate into the soil would be: 
T 4-5 = 142 - 90.5 == 51. 5 ITlinutes 
T 5-6 = 204 - 142 = 62 minutes 
T 6-7 = 277.5 - 204 = 73.5 tninutes 
T 7 -8 = 362.5 - 277. 5 = 85. 0 minutes 
As in the a b ove exa.tnple, if it is assutned that each depth of water 
w as a pplied ins t antan eously at the .tniddle of the period, then the 
elaps e d t i tne f o r each dept h of water would be 42.5, .121. 75, 190.5, 
. 4 
and 246.25 tnin utes, respectively. The effect of irrigation and the 
ac c umu l a tive d e pt h of water table are shown in Table 9 and Figure 
19. 
The procedure for finding Hand T is s Ltnilar to the previous 
e e 
85 
exatnple. Hand (l./ 4at/ L) are found to be 4.8 and. 315, respectively, 
e 
from w hich t can be calculated as follows: 
e 
t 
e 
.0992 (25600) 
= = 159,000 sec. 4a 4 x 4 x 10 -3 
= 44. 2 hours ::::: 44 hours 
Table 9. Computations for the increase in height of the water table between drains due to a 
variable intake rate 
Time Height of the water table in inches 
Elapsed 
(min. ) x = 16' x = 32' x = 40' x = 48' x = 64' x = 80' 
42.50 1.9992 2.0 2.0 2.0 2.0 2.0 
121.75 1.9275 1.9998 2. 0 2.0 2. 0 2.0 
190.50 1. 8124 1.9982 2. 0 2.0 2.0 2.0 
246.25 1.7172 1.9934 1.9999 2.0 2. 0 2.0 
Total 
(inche s) 7.4562 7.9914 7.9999 8.0 8.0 8.0 
(feet) .6213 .6659 .6666 .6666 .6666 .6666 
Depth of wate r 
table after six 
days in feet from 
Table 8 1. 1970 2.3387 2.8231 3.2354 3.8073 4.0138 
Accu.mulation 
heights of 
water (ft) 1. 8183 3.0036 3.4897 3.9020 4.4739 4.68'04 
00 
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Figure 19. Curve showing the variation of the water table height, 
h1 between drains with x/L for a variable intake rate 
RESULTS AND DISCUSSION 
With the initial condition being a horizontal water table, an 
equation was developed for the height of water table between drains as 
follows: 
or 
h (x, t) = Ho D (u ) 
n 
( 69) 
(70) 
D (u: ) is called the drainage function and is equal to the terms in the 
n 
brackets of Equation (69). 
Equation (69) contains the error function which has been tabulated 
by the National Bureau of Standards (1941). In many respects the equation 
is similar to the nonequiHbrium well equation. Therefore, many of the 
techniques developed for the flow of water to wells may be modified 
so as to apply to the flow of water to drains. Values of D (u ) for 
n 
different values of x/ Land -V 4at/ L have been computed and has been 
presented graphically in Figures 4 and 5. These figures may be used 
for design purposes. 
ASSUMPTIONS 
1. Soil is ho.mogeneous and isotropic. 
2. The specific yield of the media is constant. 
3. Fillable and drainable porosities are equal. 
A 
4. Dupuit Forchheimer assumptions are va; ide 
5. The flow is laminar (Darcy's law is applicable). 
6. The origin of coordinates is at the bottom of the drain or 
at the center of a tile drain. 
7. The flow condition is a trans ie nt state. 
8. The flow consists of gravitational water from dewatering of 
the soil voids. 
9. Drains are parallel with spacing of L. 
10. The water is homogeneous and incompressible. 
11. The temperature is constant. 
12. The aquifer is incompressible. 
Dumm (1954) reported that Glover developed a formula for the 
height of the water table between drains beginning with a horizontal 
water table as follows: 
00 
2 2 
an 1T t 
2 
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h = Y 4 
Olf L 1 -e n L . mrx • SLn--L (12 ) 
n=1,3,5, ... 
Equation (12) contains a series of exponential and trigonometric functions 
which makes its solution rather time consuming and difficult. 
The solutions of Equation (70) was compared with the solutions 
from Glover's formula (Equation (12)). A good agreement was found 
between the two formulas. The agreement was not so good for very 
high values of -V 4at/L as is shown in Table 10. 
Fluctuation of the water table at midpoint of drains may be 
found by setting x = L/2 in Equation (70) to get: 
h (1/2, t) = H Dl (u ) 
o n 
(71 ) 
Equation (71) is solved and plotted in Figure 6. 
Glover (Luthin , 1965) solved the equation for the falling water 
table between drains for the case in which the initial water table was 
a fourth-degree polynomial. The height of the water table at the mid-
point was plotted versus time for de sign purpose s. 
In general, the initial water table is not a fourth-degree poly-
nomial. In fact, in m.ost cases, it is different. The shape of the initial 
water table is not horizontal either. But bv using Equation (70) and 
91 
Figure 5, it is possible to analyze any given water table by determining 
the effective time required to obtain the given water table starting from 
a horizontal water table. This can be done by matching the curve of 
h vs. x/L with Figure 5 to obtain the effective height H and the effective 
e 
time t. Then the recession of the water table will follow Equation (70) 
e 
with H = Hand t = t + t . t is the time after measuring of the 
o el e 1 
water table he ight, h. 
or 
where 
Flow to a drain of a parallel system was found to be: 
4T 
q(t) = Ho -y; L 
---4at 
+ 2 e 
q(t) = H 
o 
4T 
-V-;-L 
[~ 
9 L2 
2 e - 16 at 
q (u ) 
n 
( 
L2 
- 16 at 
1 - 2 e 
+ e - ~2 )] 
q (u ) is the drainage discharge function and is equal to the 
n 
te rrns in brackets of Equation (79) 
(79) 
(80) 
Drainage discharge function q (u ) was solved for different values 
n 
of l/4at/ L and presented graphically in Figures 8 and 9. 
If L = 00, then Equation (79) becomes: 
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q (t) = H 
a 
2 KD 
-vrr at 
(86) 
and for the flow rate from one side of the drain, ql (t) is: 
ql (t) =H KD 
o -vrr at (87 ) 
Glover (1964) reported that the flow from an embankment to a 
reservoir when the water in the reservoir suddenly drops to H below 
o 
the initial wate r surface is: 
F = 
a 
H KD 
a 
,/-rr at ( 88) 
which is a special form of Equation (80) or the same as Equation (87). 
For design purposes, the solution of Equation (80) is presented 
graphically in Figures 8 and 9. The size of drains, also, can be 
designed for a given length of drain and slope of ground from Equation 
(80), or Figure 8. 
The incremental rise of the water table due to irrigation was 
found from the equation: 
(hI) = HII [D (u- )] 
m 0 n m 
(81 ) 
and 
Table 10. Solutions of Glover's formula compared with the solutions 
of the newly developed drainage function, D (u ) 
n 
hi H , the ratio of he ight of wate r table to the total 
o drawdown 
l/4at a 
xl L ratio of distance to a drain, Glover's formula x, L 
and drain spacing, L 
New developed formulab . 10 .20 • 30 
· 40 .50 
. 1 a .845 .995 1.00 1.00 1.00 
b .842 .995 1.00 1. 00 1.00 
.2 a .525 .845 .. 965 .988 .996 
b .520 .842 .966 
· 995 .999 
.40 a .274 .513 .. 697 .808 .846 
b .275 .515 .697 .808 .846 
.60 a . 1617 .3075 .425 .497 .523 
b .143 .302 .421 .496 .522 
.80 a .081 .154 .212 
· 250 .262 
b .001 .084 . 164 
· 212 .230 
a Equation (12) 
b . f . D (u ) Dralnage unctlon, 
n 
93 
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(hI) 
m 
( 82) 
By superimposing this incremental rise on the preirrigation water table 
height, the final elevation of the water table after irrigation is determined. 
By matching the resultant height of water table between drains, after 
irrigation with Figure 5 the effective height of the initial water table, 
and the effective time, may be determined. The water table recession 
may be found from the following"equation: 
where 
H 
0 
u 
n 
t 
t1 
t 
e 
h 
H 
o 
= D (u· ) 
n 
=H 
e 
= x n.!-(4Crt 
= t + t 1 e 
is the time after ir rigation 
is the effective time 
(70) 
From the analysis of data the average values of t:r, T, and V 
-3 -4 
were found to be equal to 1.4147 x 10 ,2.8055 x 10 ,and .1983, 
respectively. Luthin (1957) stated that the as sumption of a constant 
specific yield leads to a solution in which the shape of the water table 
is similar to the experiment, but the rate of the fluctuatio~ of the 
water table is different. In this study, the actual fluctuation of the 
water table was used to determine the specific yield of the media, 
and as a result, it would be the effective specific yield. 
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SUMMARY AND CONCLUSIONS 
A drainage function D (u ) was developed to describe the shape 
n 
of the water table with time between drains for an infinite serie s of 
parallel drains. The drainage function was evaluated and presented 
graphically for design purposes. The solution of the drainage function 
was compared with the solution of Glover trans ient state drainage 
equations. The two equations agreed very well, but the agreement 
was not as good for high values of~.J4at/ L. 
A drainage discharge function q (u ) was developed to represent 
n 
the rate of discharge in a drain of an infinite series of parallel drains. 
A dimensionless curve of the drainage discharge function was presented 
for de sign purpose s. 
A method was presented to evaluate the rate of water table 
recession between drains for any initial water table condition. 
The effect of irrigation water on the water table between drains 
SUGGESTIONS FOR FURTHER STUDY 
1. An intensive field study is needed to develop the practical 
applications of the theoretical formulas. 
2. Because the proposed field method of deter.mining trans-
missivity and specific yield gives integrated values, it seeITlS that this 
ITlethod could be used for any drain location above a barrier. A test 
needs to be ITlade to deterITline the limitations in the method proposed. 
3. Either a line source or a line sink may be created to 
find the aquifer properties. An experiment needs to be conducted to 
deterITline if the line sink parameters are more adaptable to drainage 
forITlulas. 
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APPENDIX 
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x 
Table 11. 
Z JI}4at _u2 x 
Values of 1/1 F e du for given values Of~ 
4at 
0 
x x x 
-F -yrcrt -fkit 
0.0000 0.00000 0.0040 0.00451 0.0080 0.00902 
01 
· 00011 41 .00462 81 · 00913 
02 
· 00022 42 .00473 82 · 00925 
03 
· 00033 43 .00485 83 .00936 
04 .00045 44 .00496 84 .00947 
0.0005 0.00056 0.0045 0.00507 0.0085 0.00959 
06 .00067 46 .00519 86 · 00970 
07 .00078 47 .00530 87 · 00981 
08 .00090 48 .00541 88 .00992 
09 .00101 49 · 00552 89 .01004 
0.0010 0.00112 0.0050 0.00564 0.0090 0.01015 
11 .00124 51 · 00575 91 .01026 
12 .00135 52 .00586 92 .01038 
13 .00146 53 .00598 93 .01049 
14 .00157 54 .00609 94 .01060 
0.0015 0.00169 0.0055 0.00620 0.0095 0.01071 
16 .00180 56 .00631 96 · 01083 
17 
· 00191 57 .00643 97 · 01094 
18 .00203 58 · 00654 98 .01105 
19 .00214 59 · 00665 99 .01117 
0.0020 0.00225 0.0060 0.00677 0.0100 0.01128 
21 
· 00236 61 · 00688 0.0110 0.01241 
22 .00248 62 .00699 0.0120 0.01353 
23 .00259 63 · 00710 0.0130 0.01466 
24 .00270 64 .00722 0.0140 0.01579 
0.0025 0.00282 0.0065 0.00733 0.0150 0.01692 
26 .00293 66 .00744 0.0160 0.01805 
27 .00304 67 · 00756 0.0170 0.01918 
28 .00315 68 · 00767 0.0180 0.02030 
29 .00327 69 · 00778 0.0190 0.02143 
0.0030 0.00338 0.0070 0.00789 0.0200 0.02256 
31 .00349 71 .00801 0.0210 0.02369 
32 .00361 72 .00812 0.0220 0.02482 
33 
· 00372 73 · 00823 0.0230 0.02594 
34 .00383 74 · 00834 0.0240 0.02707 
0.0035 0.00394 0.0075 0.00846 0.0250 0.02820 
36 .00406 76 .00857 0.0260 0.02933 
37 .00417 77 · 00868 0.0270 0.03045 
38 .00428 78 · 00880 0.0280 0.03158 
39 .00440 79 · 00891 0.0290 0.03271 
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Table 11. Continued 
x x x 
~ -y;rat -{4at 1/1 
0.0300 0.03384 0.0710 0.07998 0.1600 0.17901 
0.0310 0.03496 0.0720 0.08110 0.1650 0.18450 
0.0320 O. 0360'9 0.0730 0.08222 0.1700 0.18999 
O. 0330 O. 03722 0.0740 0.08334 0.1750 0.19546 
O. 0340 O. 03835 0.0750 0.08447 0.1800 0.20093 
0.0350 0.03947 0.0760 0.08559 0.1850 0.20639 
0.0360 0.04060 0.0770 0.08671 0.1900 0.21183 
O. 0370 0.04173 0.0780 0.08783 0.1950 0.21727 
0.0380 0.04285 0.0790 0.08895 0.2000 0.22270 
0.0390 0.04398 0.0800 0.09007 0.2050 0.22811 
0.0400 0.04511 0.0810 0.09119 0.2100 0.23352 
0.0410 0.04623 0.0820 0.09232 0.2150 0.23891 
0.0420 0.04736 0.0830 0.09344 0.2200 0.24429 
0.0430 0.04849 0.0840 0.09456 0.2250 0.24966 
0.0440 O. 04961 0.0850 0.09568 0.2300 0.25502 
0.0450 0.05074 0.0860 0.09680 0.2350 0.26036 
0.0460 0.05186 0.0870 0.09792 0.2400 0.26570 
0.0470 0.05299 0.0880 0.09904 0.2450 0.27101 
0.0480 0.05412 0.0890 0.10016 0.2500 0.27632 
0.0490 0.05524 0.0900 0.10128 0.2550 0.28161 
0.0500 0.05637 0.0910 0.10239 0.2600 0.28689 
0.0510 0.05749 0.0920 0.10351 0.2650 0.29216 
0.0520 0.05862 O. 0930 0.10463 0.2700 0.29741 
0.0530 0.05974 0.0940 0.10575 0.2750 0.30265 
0.0540 0.06087 0.0950 0.10687 0.2800 0.30788 
0.0550 0.06199 0.0960 0.10799 0.2850 0.31308 
0.0560 0.06312 0.0970 O. 10911 0.2900 0.31828 
0.0570 0.06424 0.0980 0.11022 0.2950 0.32346 
0.0580 0.06537 0.0990 0.11134 0.3000 0.32862 
0.0590 0.06649 0.1000 0.11246 0.3050 0.33377 
0.0600 O. 06762 O. 1050 0.11804 0.3100 0.33890 
0.0610 0.06874 O. 1100 0.12362 0.3150 0.34402 
0.0620 0.06987 0.1150 0.12919 0.3200 0.34912 
O. 0630 0.07099 0.1200 0.13475 0.3250 0.35421 
0.0640 0.07211 0.1250 O. 14031 0.3300 0.35927 
0.0650 0.07324 0.1300 0.14586 0.3350 0.36433 
0.0660 0.07436 0.1350 0.15141 0.3400 0.36936 
0.0670 0.07548 O. 1400 0.15694 0.3450 0.37438 
0.OfJ80 0.07661 O. 1450 0.16247 0.3500 0.37938 
0.0690 0.07773 0.1500 0.16799 0.3550 0.38436 
0.0700 0.07885 0.1550 0.17350 0.3600 0.38932 
104 
Table 11. Continued 
x x x 
-V4at -V 4at -y;krt 
0.3650 0.39427 0.5700 0.57981 0.7750 0.72692 
0.3700 0.39920 0.5750 0.58388 0.7800 0.73001 
0.3750 0.40411 0.5800 0.58792 0.7850 0.73306 
0.3800 0.40900 0.5850 0.59194 0.7900 0.73610 
0.3850 0.41388 0.5900 O. 59593 0.7950 0.73911 
0.3900 0.41873 0.5950 0.59990 0.8000 0.74210 
0.3950 0.42357 0.6000 0.60385 0.8050 0.74506 
0.4000 0.42839 0.6050 0.60778 0.8100 0.74800 
0.4050 0.43319 0.6100 0.61168 0.8150 0.75091 
0.4100 0.43796 0.6150 0.61555 0.8200 0.75381 
0.4150 0.44272 0.6200 0.61941 0.8250 0.75667 
0.4200 0.44746 0.6250 0.62324 0.8300 0.75952 
0.4250 0.45218 0.6300 0.62704 0.8350 0.76234 
0.4300 0.45688 0.6350 0.63082 0.8400 0.76514 
0.4350 0.46156 0.6400 0.63458 0.8450 0.76791 
0.4400 0.46622 0.6450 0.63831 0.8500 0.77066 
0.4450 0.47086 0.6500 0.64202 0.8550 0.77339 
0.4500 0.47548 0.6550 0.64571 0.8600 0.77610 
0.4550 0.48007 0.6600 0.64937 0.8650 0.77878 
0.4600 0.48465 0.6650 0.65301 0.8700 0.78143 
0.4650 0.48921 0.6700 0.65662 0.8750 0.78406 
0.4700 0.49374 0.6750 0.66021 0.8800 0.78668 
0.4750 0.49825 0.6800 0.66378 0.8850 0.78927 
0.4800 0.50274 0.6850 0.66732 0.8900 0.79184 
0.4850 0.50721 0.6900 0.67084 0.8950 0.79438 
0.4900 0.51166 0.6950 0.67433 0.9000 0.79690 
0.4950 0.51609 0.7000 0.67780 0.9050 0.79940 
0.5000 0.52049 0.7050 0.68124 0.9100 0.80188 
0.5050 0.52488 0.7100 0.68466 0.9150 0.80433 
0.5100 0.52924 0.7150 0.68806 0.9200 0.80676 
0.5150 0.53358 0.7200 0.69143 0.9250 0.80917 
0.5200 0.53789 0.7250 0.69478 0.9300 0.81156 
0.5250 0.54219 0.7300 0 .. t>9810 0.9350 0.81392 
0.5300 0.54646 0.7350 0.70140 0.9400 0.81627 
0.5350 0.55071 0.7400 0 .. 70467 0.9450 0.81859 
0.5400 0.55493 0.7450 0.70792 0.9500 0.82089 
0.5450 0.55914 0.7500 0.71115 0.9550 0.82316 
0.5500 0.56332 0.7550 0.71435 0.9600 0~82542 
g,' 5550 0.56748 0.7600 0.71753 0.9650 0.82765 
0.5600 0.57161 0.7650 0.72069 0.9700 0.82987 
0.5650 0.57572 0.7700 0.72382 0.9750 0.83206 
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Table 11. Continued 
x x 
1/1 
x 
l{4irt -{4at -y;r;;t 
0.9800 0.83423 2.800 0.99992 
0.9850 0.83638 2.850 0.99994 
0.9900 0.83850 2.900 0.99995 
0.9950 0.84061 2.950 0.99996 
1.000 0.84270 3.000 0.99997 
1.050 0.86243 3.050 0.99998 
1.100 0.88020 3.100 0.99998 
1.150 0.89612 3.150 0.99999 
1.200 0.91031 3.200 0.99999 
1.250 0.92290 3.250 0.99999 
1.300 0.93400 3.300 0.99999 
1.350 0.94376 3.350 0.99999 
1. 400 0.95228 to 
1.450 0.95969 5.735 0.99999 
1.500 0.96610 5.736 1.00000 
1.550 0.97162 
1.600 0.97634 
1.650 0.98037 
1.700 0.98379 
1.750 0.98667 
1.800 0.98909 
1.850 0.99111 
1.900 0.99279 
1 .. 950 0.99417 
2.000 0.99532 
2.050 0.99625 
2.100 0.99702 
2. 150 0.99763 
2.200 0.99813 
2.250 0.9985~ 
2.300 0.99885 
2.350 0.99911 
2.400 0.99931 
2.450 0.99946 
2.500 0.99959 
2.550 0.99968 
2.600 0.99976 
2.650 0.99982 
2.700 0.99986 
2.750 0.99989 
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a Joo _u2 Values of f/J =-v;r e du for given values Of~ Table 12. 2 x u 4at 
-{4crt 
x x x 
l/4crt -y;krt -y4crt 
0.00010 17721.4 0.00700 250.08 O. 24000 4.6650 
0.00011 16110.1 0.00750 233.20 0.25000 4.3868 
0.00012 14767.3 0.00800 218.43 0.26000 4.1313 
0.00013 13631.1 0.00850 205.40 0.27000 3.8959 
0.00014 12657.2 0.00900 193.81 0.28000 3.6785 
0.00015 11813.2 0.00950 183.45 0.29000 3.4772 
0.00016 11074.7 0.01000 174.12 o. 30000 3.2905 
0.00017 10423.1 0.01500 115.049 0.31000 3.1168 
0.00018 9843.8 0.02000 85.517 O. 32000 2.9550 
0.00019 9325.6 0.02500 67.801 O. 33000 2.8040 
0.00020 8859. 1 0.03000 55.993 O. 34000 2.6628 
0.00025 7086.7 0.03500 47.562 O. 35000 2.5306 
0.00030 5905.0 0.04000 41.241 O. 36000 2.4065 
0.00035 5061.0 0.04500 36.326 0.37000 2.2901 
0.00040 ·.4428.0 0.05000 32.396 0.38000 2.1805 
0.00045 3935.6 0.05500 29.182 0.39000 2.0774 
0.00050 3541.8 0.06000 26.506 0.40000 1.9802 
0.00055 3219.5 0.06500 24.242 0.41000 1.8885 
0.00060 2950.9 0.07000 22.303 0.42000 1.8018 
0.00065 2723.7 0.07500 20.624 0.43000 1.7199 
0.00070 2528.9 0.08000 19.156 0.44000 1.6424 
0.00075 2360. 1 0.08500 17.861 0.45000 1.5689 
0.00080 2212.4 0.09000 16.712 0.46000 1.4993 
0.00085 2082. 1 0.09500 15.684 0.47000 1.4333 
0.00090 1966.3 0.10000 14.760 0.48000 1.3706 
0.00095 1862.6 0.11000 13.1662 0.49000 1.2544 
0.00100 .1769.3 0.12000 11.8410 0.50000 1.0096 
0.00150 1178.50 0.13000 10.7224 O. 55000 0.81647 
0.00200 883. 09 0.14000 9.7661 O. 60000 0.66260 
0.00250 705.84 0.15000 8.9396 O. 65000 0.53900 
0.00300 587.68 0.16000 8.2186 0.70000 0.43912 
0.00350 503.28 0.17000 7.5845 0.75000 0.35804 
0.00400 439.98 0.18000 7.0227 0.80000 0.29199 
0.00450 390.75 0.19000 6.5219 0.85000 0.23807 
0.00500 351. 36 0.20000 6.0728 0.90000 0.19397 
0.00550 319.13 0.21000 5.6682 0.95000 0.15788 
0.00600 292.28 0.22000 5.3018 1.00000 0.10415 
0.00650 269.56 0.23000 4.9688 1.10000 0.06820 
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Table 12. Continued 
x x x 
~ -{4;;t 
1.20000 0.06820 
1.30000 0.04426 
1.40000 0.02843 
1.50000 0.01806 
1.60000 0.01133 
1.70000 0.00702 
1.80000 0.00429 
1.90000 0.00259 
2.00000 0.00154 
2.10000 0.00090 
2.20000 0.00052 
2.30000 0.00029 
2.40000 0.00016 
2.50000 0.00009 
2.60000 0.00005 
2.70000 0.00003 
2.80000 0.00001 
2.90000 0.00001 
2.93200 0.00000 
a Taken from Glover (1964, pp. 49- 65) 
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